Extreme ultraviolet ͑EUV, ϭ13 nm͒ lithography is considered to be the most likely technology to follow ultraviolet ͑optical͒ lithography. One of the challenging aspects is the development of suitable resist materials and processes. This development requires the ability to produce high-resolution patterns. Until now, this ability has been severely limited by the lack of sources and imaging systems. We report printing of 38 nm period grating patterns by interferometric lithography technique with EUV light. A Lloyd's Mirror interferometer was used, reflecting part of an incident beam with a mirror at grazing incidence and letting it interfere with the direct beam at the wafer plane. High-density fringes ͑38 nm pitch͒ were easily produced. Monochromatized light of 13 nm wavelength from an undulator in an electron storage ring provided the necessary temporal and spatial coherence along with sufficient intensity flux. This simple technique can be extended to sub-10 nm resolution. © 1999 American Institute of Physics. ͓S0003-6951͑99͒02841-7͔
Extreme ultraviolet lithography ͑EUVL, ϭ13.4 nm͒ is one of the candidate technologies pursued for printing semiconductor devices with critical dimensions of 70 nm and below. 1 The approaches currently developed are based on the use of 4ϫ reduction optics and reflective masks. The reflectivity of near-normal incidence optics is enhanced to ϳ60%-70% by multilayer interference coatings ͑/4 stacks͒. In this spectral region, all materials have high absorption coefficients bringing some special requirements on EUVL optical systems and materials. For example, photoresist thickness has to be limited to less than ϳ0.1 m in order to obtain a sufficiently uniform exposure along the film thickness.
Evaluation of resist materials require the ability to expose patterns in order to obtain measurements of exposure dose sensitivity, contrast and resolution using a given material. A prototype EUV projection camera has been built at the Sandia National Laboratory that is capable of printing sub-0.1 m lines and spaces but access is limited. 2 We have developed a system using EUV-interferometric lithography ͑EUV-IL͒ for studying imaging at EUV wavelengths, and for testing photoresist materials in which we have demonstrated unprecedented printing of features with periods as small as 38 nm. IL was not used before to print such small features in the EUV regime, and the features are the smallest ever printed using a photon-based lithography. Fabrication of quantum confinement devices is a clear application, and another is the study of the properties of materials confined in ultrasmall structures ͑polymeric resists in particular͒.
IL is commonly used for production of large area gratings and grids 3 and possible extension into imaging twodimensional features is studied. 4 In principle, it allows the production of fine features over large areas without the need for complicated masks and imaging systems. The depth of focus of an interferometric system is practically unlimited, affording great flexibility in sample positioning. We note that IL is widely used in the ultraviolet and some attempts have been made in vacuum ultraviolet ͑VUV͒ and harder x rays, with limited success. [5] [6] [7] An early experiment in VUV 5 demonstrated the potential of interference techniques although the wavelength used ͑118 nm͒ was too large to print features in the 10-20 nm regime. Tatchyn et al. 6 used an undulator source with a transmission grating as a monochromator in a Lloyd mirror scheme. Their results were limited by temporal coherence and available flux. Interference between different diffraction orders from a transmission grating were used by Wei et al. 7 to print fringe patterns. The fringe period in that case was determined by the grating period and in practice vibration and drift problems limited the quality of the printed pattern.
The fringe period d created by two plane waves intersecting at an angle ( 1 ϩ 2 ) as seen in Fig. 1͑a͒ , is given by /(sin 1 ϩsin 2 ). This sets an ultimate limit of 6.7 nm for minimum printable feature period at ϭ13.4 nm. The target feature size for EUV lithography is roughly in the 20-100 nm range requiring a shallow intersection angle in the 2°-10°range. A Lloyd's Mirror interferometer used in conjunction with a synchrotron radiation source offers an easy implementation and was in fact employed in some preliminary work. 6 More recently, the technique was successfully used for synchrotron source characterization. 8 In a Lloyd's Mirror interferometer schematically shown in Fig. 1͑a͒ , the light from a point source S 1 is incident on a mirror at a grazing angle. The reflected beam interferes with the direct beam and creates a fringe pattern on the screen AAЈ. If the angle of incidence on the mirror is small then 1 Ӎ 2 Ӎ and a͒ Corresponding author. Electronic mail: cerrina@nanotech.wisc.edu APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 15 11 OCTOBER 1999 the fringe period dϭ/(2 sin ). We have calculated the reflectivity of a gold mirror to be above 80% at our wavelength (ϭ13.4 nm) for incidence angles smaller than 5°. Assuming a fully coherent beam, this reflectivity yields a fringe visibility of more than 0.99 defined as (I max ϪI min )/(I max ϩI min ) for feature periods as small as 40 nm. Figure 1͑b͒ schematically shows the EUV-IL system implemented at the OMM beamline of the Synchrotron Radiation Center ͑SRC͒ in Madison, Wisconsin. The light from an undulator is monochromatized and focused in the vertical direction on the exit slit of the monochromator. 9 A 45°m ultilayer mirror diverts the light up into an exposure chamber. A 0.1 m thick SiN membrane separates the high vacuum of the exposure chamber from the ultrahigh vacuum ͑UHV͒ of the beamline. An inexpensive Au-coated float glass mirror ͑Lloyd's mirror͒ is positioned to intercept part of the beam. A photoresist coated wafer is placed at the downstream end of the mirror to record the interference fringes. The mirror and the wafer were mounted on the same metal plate and placed in contact to minimize relative mechanical vibrations between the two that can wash out the fringe pattern. The orientation of the mirror is chosen to be parallel to the exit slit. The EUV light is linearly polarized with the electric field perpendicular to the plane of Fig. 1͑b͒ which ensures high reflectivity from both the multilayer and the grazing incidence mirrors. Exposures took between 2 and 20 s depending on the type of photoresist and the beam current in the storage ring. Figure 2 shows scanning electron microscopy ͑SEM͒ micrographs of 38 nm period fringe patterns printed on 100 nm thick polymethyl methacrrylate ͑PMMA͒ and UV6 photoresist film from Shipley Inc. 10 The areas shown were near the edge of the mirror within a ϳ10 m distance. PMMA seems to have better performance at this extreme resolution although fringe patterns are clearly resolved on both films. The nonuniformity in those images is believed to be due to the speckle pattern created by the surface roughness of the Au mirror. It is difficult to obtain high quality images of such thin photoresist films with SEM due to low contrast and charging related problems even though the SEM had adequate resolution. Likewise, the wiggles in the fringe patterns is due to the beam induced charging in the SEM. Atomic force microscope ͑AFM͒ images in Fig. 3 of two other interferograms demonstrate a better imaging solution for these patterns. The silicon nitride AFM tips used in this experiment have a 70°opening angle. Thus, they can penetrate only about 13 nm into the 19 nm ͑half-pitch͒ wide trenches. The origin of the apparent roughness in these patterns is currently under study.
The number of fringes observable in the Lloyd Interferometer depends on the temporal and spatial coherence properties of the source. The finite temporal coherence limits the allowed optical path difference between the direct and reflected beams for obtaining visible fringes. Therefore, the number of fringes m is limited by
Experimentally, the slits of the monochromator were set to obtain a /⌬Ӎ1000. Therefore, for a 0.04 m fringe period, we can expect to see fringes in a 1000ϫ0.04ϭ40 m range starting from the edge of the Au mirror. The spatial coherence of the light comes into play in conjunction with the source size, i.e., the exit slit of the monochromator in our experimental setup. The length of the slits in the horizontal direction ͓perpendicular to the plane of the Fig. 1͑b͔͒ has no effect on the fringe pattern to a first approximation since moving a point source in that direction would only move the fringes along their length. 11 The ''width'' ͑w͒ however is critical. For an ideally incoherent illumination of the slit, the visibility of the fringes exhibit an oscillatory decrease from the mirror side with a 1/x type envelope. For a 10 m exit slit width used in our experiments, the visibility goes below 0.5 for distances more than 500 m away from the mirror. 12 This should allow recording of more than 12 000 fringes assuming a 40 nm fringe period. Hence, in our experimental setup, temporal coherence ultimately limits the number of fringes and the source can be considered to be spatially coherent for the practical purpose. Thus, the Lloyd's mirror interferometer makes perfect use of the source, requiring coherence only in one direction, i.e., along the slit width. It is interesting to note that coherence properties of EUV and x-ray light from modern synchrotron sources is increasingly being exploited in studies such as x-ray holography, coherent x-ray diffraction and interferometry; which are characterization and measurement techniques in nature. EUV interferometry in particular is used for at wavelength characterization of EUVL optics.
13,14 Our use of coherent synchrotron light for production of nanostructures represents an expansion of this exploitation in an new direction.
In conclusion, we have demonstrated that it is possible to use interferometric lithography in the EUV for printing grating patterns with periods as small as 38 nm. Lloyd's mirror is a simple and elegant scheme that takes advantage of the good coherence properties of monochromatized undulator radiation. We notice that EUV-IL can be extended to gratings with periods as small as 6 nm for the development of new nanostructures. Other advantages offered by EUV radiation ͑beside the short wavelength͒ are very small photoelectron blur due to relatively low photon energy and ability to use thin resists due to high absorption coefficients ( Ӎ5 m Ϫ1 ). Work is under way for extension of the technique to even smaller features and variable frequency fringe patterning.
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